Abstract: Cyanide tailings are the hazardous waste discharged after gold cyanidation leaching. The recovery of gold and iron from cyanide tailings was investigated with a combined direct reduction roasting and leaching process. The effects of reduction temperature, coal dosage and CaO dosage on gold enrichment into Au-Fe alloy (Fe x Au 1−x ) were studied in direct reduction roasting. Gold containing iron powders, i.e., Au-Fe alloy, had the gold grade of 8.23 g/t with a recovery of 97.46%. After separating gold and iron in iron powders with sulfuric acid leaching, ferrous sulfate in the leachate was crystallized to prepare FeSO 4 ·7H 2 O with a yield of 222.42% to cyanide tailings. Gold enriched in acid-leaching residue with gold grade of 216.58 g/t was extracted into pregnant solution. The total gold recovery of the whole process reached as high as 94.23%. The tailings generated in the magnetic separation of roasted products, with a yield of 51.33% to cyanide tailings, had no toxic cyanide any more. The gold enrichment behaviors indicated that higher reduction temperature and larger dosage of coal and CaO could promote the allocation of more gold in iron phase rather than in slag phase. The mechanism for enriching gold from cyanide tailings into iron phase was proposed. This work provided a novel route to simultaneously recover gold and iron from cyanide tailings.
Direct Reduction Roasting of Cyanide Tailings
The recovery process was shown in Figure 2 . Cyanide tailings were dried at 105 °C overnight. 30 g tailings were thoroughly mixed with coal and CaO with a designated dosage. Herein, the dosage of coal or CaO was expressed by a percentage that referred to its mass ratio to cyanide tailings. The dosages of coal and CaO were chosen in the range from 8.0 wt.% to 20 wt.% and from 5 wt.% to 20 wt.%, respectively. The mixture was added to a graphite crucible with a lip. The direct reduction roasting was conducted in a muffle furnace (CD-1400X, Zhengzhou Chida Tungsten & Molybdenum Products Co. Ltd., Zhengzhou, China). When the reduction temperature reached its designated value of 1050-1250 °C , the crucible was transferred into the furnace and maintained for 90 min at a reduction atmosphere. After that, the crucible was taken out of the furnace and cooled down to room temperature in air. 
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The recovery process was shown in Figure 2 . Cyanide tailings were dried at 105 °C overnight. 30 g tailings were thoroughly mixed with coal and CaO with a designated dosage. Herein, the dosage of coal or CaO was expressed by a percentage that referred to its mass ratio to cyanide tailings. The dosages of coal and CaO were chosen in the range from 8.0 wt.% to 20 wt.% and from 5 wt.% to 20 wt.%, respectively. The mixture was added to a graphite crucible with a lip. The direct reduction roasting was conducted in a muffle furnace (CD-1400X, Zhengzhou Chida Tungsten & Molybdenum Products Co. Ltd., Zhengzhou, China). When the reduction temperature reached its designated value of 1050-1250 °C , the crucible was transferred into the furnace and maintained for 90 min at a reduction atmosphere. After that, the crucible was taken out of the furnace and cooled down to room temperature in air. The roasted product was firstly ground to lower than 0.074 mm fraction of 70.2% in a rod mill (RK/BM, Wuhan Rock Crush & Grand Equipment Manufacture Co., Ltd., Wuhan, China), then separated by a magnetic tube separator (XCGS-73, Xinsheng Mining Equipment Co., Ltd., Jiangxi, China) at a field intensity of 167.06 kA/m. The concentrate was further ground to lower than 0.045 mm fraction of 80.5% and separated at 107.41 kA/m to obtain final iron concentrate, i.e., reduced iron powders containing gold. The tailings generated in two stage magnetic separation as shown in Figure 2 were collected as magnetic separation tailings. The TFe or gold recovery of reduced iron powders was calculated as follows:
where, ε was the TFe or gold recovery (%), W 1 was the weight of reduced iron powders (g), β 1 was the TFe content (%) or gold grade (g/t) of iron powders, W 0 was the weight of cyanide tailings (g), and β 0 was the TFe content (%) or gold grade (g/t) of cyanide tailings.
Sulfuric Acid Leaching and Preparation of Ferrous Sulfate Crystals
10 g reduced iron powders were mixed with 140 mL of 2.35 mol/L H 2 SO 4 solution in a conical flask. The acid leaching was performed at different temperatures for 1 h in a thermostatic bath. After the leaching, the pulp was filtered to obtain leaching residue with enriched gold. The hot leachate was firstly condensed by heating at 100 • C. After cooling down to room temperature, the condensed leachate was kept in a refrigerator at 0 • C for 12 h to crystallize FeSO 4 ·7H 2 O. Herein, the weight loss ratio (η) and iron leaching rate (γ), calculated as Equations (2) and (3), were used to evaluate acid-leaching process, respectively.
where, η and γ were the weight loss ratio (%) and iron leaching rate (%), respectively, W 3 was the weight of acid-leaching residue (g), β 3 was the TFe content (%) of acid-leaching residue.
Cyanidation Extraction of Gold from Acid-Leaching Residue
The gold enriched in acid-leaching residue was finally recovered by cyanidation extraction. The extraction was conducted in a conical flask without air bubbling and stirred with a magnetic stirrer at 300 rpm for 36 h. The liquid to solid mass ratio was set to 10:1, and pulp pH was 11.0. The cyanide dosage was in a range of 5-80 kg/t. After the leaching, the pulp was filtered to obtain pregnant solution. The cyanide residue was dried to assay gold grade. The Au extraction rate (φ) was calculated as follows:
where, φ was the gold extraction rate (%), β 3 and β 5 was the gold grade (g/t) of acid-leaching residue and cyanide residue, respectively, W 5 was the weight (g) of cyanide residue. In this process, the yield (δ i ) of solid products to cyanide tailings in Figure 1 was defined as Equation (5): 
Analysis and Characterization
The Au grade of solid products was determined by inductively coupled plasma-optical emission spectrometry (ICP-OES, iCAP 7000, Thermo Fisher Scientific Inc., Waltham, MA, USA) at radio frequency (RF) power of 1.35 kW, air flow rate of 14 mL/min, and argon auxiliary flow rate of 0.3 mL/min. 0.3 g samples were digested with 3 mL ionized water, 9 mL HCl and 3 mL HNO 3 at 130 • C for 15 min in a closed microwave acid digester (DS-360x, Grand Analytical Instrument Co. Ltd., Guangzhou, China). The TFe content of solid products was analyzed by a titanium (III) chloride reduction and potassium dichromate titration method (Chinese standard, GB/T 6730.65-2009). The contents of SiO 2 , Al 2 O 3 , CaO, MgO, Na 2 O and K 2 O in cyanide tailings, and of Mn, Pb, As, Si, Al, and Cu in FeSO 4 ·7H 2 O crystals were also obtained by ICP-OES. The mineral compositions of cyanide tailings, roasted products and acid-leaching residue were investigated by XRD (DMax-RB, Rigaku Corporation, Tokyo, Japan) under the conditions of 40 kV, 100 mA and Cu Kα radiation. The morphology of roasted products was performed with scanning electron microscopy (SEM, EVO18, Carl Zeiss Group Corporation, Oberkochen, Germany). Roasted products were mounted on epoxy resin and further polished before the SEM observation.
Results and Discussion

Recovery of Gold and Iron with Direct Reduction Roasting
Effect of Reduction Temperature
As shown in Figure 3 , the TFe content and recovery of reduced iron powders were increased from 68.84% to 92.43% and from 78.98% to 93.19%, respectively, as the temperature was raised from 1050 to 1200 • C. It suggests that high temperature can promote the reduction of iron oxides to metallic iron. Meanwhile, the gold recovery was increased from 74.33% to 95.03%, indicating the enrichment of remained gold in the tailings into iron powders. As the temperature was raised up to 1250 • C, the gold recovery was further increased to 95.70%. It clearly indicated that higher temperature could promote the capture of more gold by in situ generated metallic iron. 
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Recovery of Gold and Iron with Direct Reduction Roasting
Effect of Reduction Temperature
As shown in Figure 3 , the TFe content and recovery of reduced iron powders were increased from 68.84% to 92.43% and from 78.98% to 93.19%, respectively, as the temperature was raised from 1050 to 1200 °C. It suggests that high temperature can promote the reduction of iron oxides to metallic iron. Meanwhile, the gold recovery was increased from 74.33% to 95.03%, indicating the enrichment of remained gold in the tailings into iron powders. As the temperature was raised up to 1250 °C, the gold recovery was further increased to 95.70%. It clearly indicated that higher temperature could promote the capture of more gold by in situ generated metallic iron. The direct reduction of hematite to metallic iron generally follows the pathway of Fe2O3→Fe3O4 →FeO→Fe [35] . At above 900 °C, Fe3O4 can be further reduced to FeO. As the reduction of FeO to metallic iron is a strong endothermic reaction, high temperature is necessary to generate metallic iron. Due to the existence of SiO2 in cyanide tailings, FeO can react with SiO2 to form fayalite, a low melting point material promoting to form molten slag [36] . The amount of molten slag increase sharply at above 1140 °C, which can facilitate the growth of iron grains and enhance the separation The direct reduction of hematite to metallic iron generally follows the pathway of Fe 2 O 3 →Fe 3 O 4 →FeO→Fe [35] . At above 900 • C, Fe 3 O 4 can be further reduced to FeO. As the reduction of FeO to metallic iron is a strong endothermic reaction, high temperature is necessary to generate metallic iron. Due to the existence of SiO 2 in cyanide tailings, FeO can react with SiO 2 to form fayalite, a low melting point material promoting to form molten slag [36] . The amount of molten slag increase sharply at above 1140 • C, which can facilitate the growth of iron grains and enhance the separation of iron grains from slag [37, 38] . Therefore, as shown in Figure 3 , the elevated temperature could increase the TFe content and recovery of iron powders.
Effect of Coal Dosage
As shown in Figure 4 , when the coal dosage was increased from 8 wt.% to 20 wt.%, the TFe and gold recovery was rapidly increased from 56.36% to 93.03% and from 42.53% to 93.19%, respectively. However, the TFe content of iron powders was just increased from 89.92% to 92.43%. When the dosage was further raised up to 25 wt.%, the TFe content slightly decreased, but almost no change of the TFe and gold recovery was observed. Thus, the optimum coal dosage was 20 wt.%. The result revealed that higher coal dosage could promote to recover gold and iron from cyanide tailings.
of iron grains from slag [37, 38] . Therefore, as shown in Figure 3 , the elevated temperature could increase the TFe content and recovery of iron powders.
The high coal dosage can increase the C/O (fixed carbon/oxygen) ratio in the reduction system, which enhances the reduction atmosphere and promotes the reduction of more FeO to metallic iron [39] . Thus, the higher amount of metallic iron can surely capture more gold. The FeO in reduction system is a substance decreasing the liquidus temperature by forming a fayalite-type slag [38, 40] . When more FeO was reduced to Fe at higher C/O ratio, the molten slag became less, which might reduce the mechanical mixing of gold and slag in slag phase. Therefore, the allocation of gold in metallic iron phase should be enhanced. 
Effect of CaO Dosage
As shown in Figure 5 , when the CaO dosage was increased from 5 wt.% to 20 wt.%, the TFe recovery was raised slightly, but the Au recovery significantly was raised from 77.65% to 97.46%. The TFe content showed a week relationship with CaO dosage. Thus, the optimum CaO dosage was 20 wt.%. The result revealed that the CaO dosage had a remarkable effect on the gold recovery. The high coal dosage can increase the C/O (fixed carbon/oxygen) ratio in the reduction system, which enhances the reduction atmosphere and promotes the reduction of more FeO to metallic iron [39] . Thus, the higher amount of metallic iron can surely capture more gold. The FeO in reduction system is a substance decreasing the liquidus temperature by forming a fayalite-type slag [38, 40] . When more FeO was reduced to Fe at higher C/O ratio, the molten slag became less, which might reduce the mechanical mixing of gold and slag in slag phase. Therefore, the allocation of gold in metallic iron phase should be enhanced.
As shown in Figure 5 , when the CaO dosage was increased from 5 wt.% to 20 wt.%, the TFe recovery was raised slightly, but the Au recovery significantly was raised from 77.65% to 97.46%. The TFe content showed a week relationship with CaO dosage. Thus, the optimum CaO dosage was 20 wt.%. The result revealed that the CaO dosage had a remarkable effect on the gold recovery. The SiO 2 content in cyanide tailings reached 24.35% as shown in Table 1 . Reactive FeO can react with SiO 2 to form fayalite at high temperature (Equation (6)), which hinders the reduction of FeO to metallic Fe. While the CaO is added, the fayalite may readily react with fixed carbon and/or CaO to form Fe and wollastonite (Equations (7) and (8)) [41, 42] , which generates more metallic iron. The results revealed that higher alkalinity (w(CaO)/w(SiO 2 )) of slag phase could promote more gold allocated in iron phase rather than in slag phase. 
Under the optimum reduction roasting conditions: roasting temperature of 1200 • C, roasting time of 90 min, coal dosage of 20 wt.% and CaO dosage of 20 wt.%, iron powders with TFe content of 92.43% and gold grade of 8.23 g/t were achieved. The TFe and gold recovery in the direct reduction roasting reached 93.21% and 97.46%, respectively. As toxic cyanides were decomposed at 1200 • C, the magnetic separation tailings would not contain cyanides. Thus, magnetic separation tailings had lower toxicity and weight (a yield of 51.33% to cyanide tailings) compared to cyanide tailings. Figure 6 showed the phase diagram of Au-Fe binary system [23] . Pure Au and γ-Fe crystals have same space groups (Fm3m) and close lattice parameters (0.40784 nm for Au and 0.36468 nm for γ-Fe).
Proposed Mechanism for Enrichment of Gold from Cyanide Tailings
As shown in Figure 6 , Au and γ-Fe atoms can form Au-rich fcc terminal solid solution (Au) and Fe-rich γ terminal solid solution based on fcc phase of Fe (γ-Fe) at high temperature [23, 43] . The solubility limit of Au in the (γ-Fe) phase was reported to be 4.1-8.1 at.% [23] . The liquidus (L) of Au-Fe system has a minimum of 1036 • C and 18.5 at.% of Fe. In this work, when roasted in 1050 • C, remained gold in cyanide tailings may react with in situ generated γ-Fe to form Au-rich (Au) phase or liquidus (L) even the reduction temperature was below the melting point of pure gold (1064.43 • C). As the roasting time was extended, more γ-Fe was generated by the reduction of FeO, promoting the formation of (γ-Fe) phase with low composition of Au. When the roasting temperature was increased over the gold melting point, solid gold particles in the reduction system became molten, increasing the mobility of Au atoms. Thus, these Au atoms distributed in slag phase may be readily transferred into iron phase to form Fe-rich (γ-Fe) phase due to high mobility. Therefore, with the increase of reduction temperature, more gold in cyanide tailings could be allocated into iron phase rather than in slag phase. showed XRD patterns of roasted products obtained from 1050 to 1250 °C . Metallic iron was generated even at 1050 °C . The intensity of diffraction peaks assigned to metallic iron became strong, revealing higher amount and larger crystal size of metallic iron at elevated temperature. As shown in Figure 8 , the grain size of metallic iron (grayish white) at 1050 °C was just about 20 µm, and most of these grains were separated. Nevertheless, some grain size of metallic iron at 1200 °C was increased up to about 100 µ m and dispersed metallic iron particles had been aggregated into larger grains. Herein, it should point out that metallic iron grains containing gold is recovered by the grinding and magnetic separation process. The larger grain size means easy separation of iron grains from the slags by the physical separation method such as magnetic separation. Therefore, as shown in Figure 3 , the higher Au and Fe recovery of iron powders was observed. Figure 7 showed XRD patterns of roasted products obtained from 1050 to 1250 • C. Metallic iron was generated even at 1050 • C. The intensity of diffraction peaks assigned to metallic iron became strong, revealing higher amount and larger crystal size of metallic iron at elevated temperature. As shown in Figure 8 , the grain size of metallic iron (grayish white) at 1050 • C was just about 20 µm, and most of these grains were separated. Nevertheless, some grain size of metallic iron at 1200 • C was increased up to about 100 µm and dispersed metallic iron particles had been aggregated into larger grains. Herein, it should point out that metallic iron grains containing gold is recovered by the grinding and magnetic separation process. The larger grain size means easy separation of iron grains from the slags by the physical separation method such as magnetic separation. Therefore, as shown in Figure 3 , the higher Au and Fe recovery of iron powders was observed. showed XRD patterns of roasted products obtained from 1050 to 1250 °C . Metallic iron was generated even at 1050 °C . The intensity of diffraction peaks assigned to metallic iron became strong, revealing higher amount and larger crystal size of metallic iron at elevated temperature. As shown in Figure 8 , the grain size of metallic iron (grayish white) at 1050 °C was just about 20 µm, and most of these grains were separated. Nevertheless, some grain size of metallic iron at 1200 °C was increased up to about 100 µ m and dispersed metallic iron particles had been aggregated into larger grains. Herein, it should point out that metallic iron grains containing gold is recovered by the grinding and magnetic separation process. The larger grain size means easy separation of iron grains from the slags by the physical separation method such as magnetic separation. Therefore, as shown in Figure 3 , the higher Au and Fe recovery of iron powders was observed. As shown in Figure 7 , as the roasting temperature was increased, the fayalite, a low melting point material, had lower fraction in slag phase and disappeared at 1250 °C . At the same time, more wollastonite (α-CaSiO3) in slag phase was transformed to pseudowollastonite (β-CaSiO3) at temperature higher than 1150 °C since the transformation temperature of α-CaSiO3 to β-CaSiO3 was 1126 °C . Compared to fayalite (melting point of 1205 °C ), (pseudo)wollastonite had the higher melting point of 1540 °C [35] . Thus, the amount of liquidus in reduction system would remarkable decrease as more pseudowollastonite was generated at higher reduction temperature, preventing the mechanical mixing of molten gold in slag phase. Thus, more gold can be allocated into iron phase to form Au-Fe alloy. It was well in agreement with higher Au recovery at elevated temperature ( Figure 3 ) and with increased CaO dosage ( Figure 5 ).
Sulfuric Acid Leaching of Gold Containing Iron Powders
Sulfuric acid leaching was used to separate gold and iron in iron powders. The effect of leaching temperature on iron dissolution was shown in Figure 9 . As the temperature was raised from 30 to 50 °C, the weight loss ratio and iron leaching rate were increased from 71.41% to 96.20% and from 82.97% to 98.82%, respectively. While the temperature was further raised to 90 °C , the iron leaching rate became almost constant. At acid-leaching temperature of 50 °C , the yield of acid-leaching residue to cyanide tailings was reduced to 1.72%, and the gold grade reached as high as 216.58 g/t (Figure 1 ), revealing remarkable gold enrichment and significant weight decrease of acid-leaching residue. Figure 9 . Effect of acid-leaching temperature on iron dissolution of reduced iron powders. Figure 10 showed XRD pattern of acid-leaching residue. The diffraction peaks could be assigned to cohenite (Fe3C) and bustamite (CaMn (SiO3)2) , generated in the direct reduction roasting. As shown in Figure 7 , as the roasting temperature was increased, the fayalite, a low melting point material, had lower fraction in slag phase and disappeared at 1250 • C. At the same time, more wollastonite (α-CaSiO 3 ) in slag phase was transformed to pseudowollastonite (β-CaSiO 3 ) at temperature higher than 1150 • C since the transformation temperature of α-CaSiO 3 to β-CaSiO 3 was 1126 • C. Compared to fayalite (melting point of 1205 • C), (pseudo)wollastonite had the higher melting point of 1540 • C [35] . Thus, the amount of liquidus in reduction system would remarkable decrease as more pseudowollastonite was generated at higher reduction temperature, preventing the mechanical mixing of molten gold in slag phase. Thus, more gold can be allocated into iron phase to form Au-Fe alloy. It was well in agreement with higher Au recovery at elevated temperature ( Figure 3 ) and with increased CaO dosage ( Figure 5 ).
Sulfuric acid leaching was used to separate gold and iron in iron powders. The effect of leaching temperature on iron dissolution was shown in Figure 9 . As the temperature was raised from 30 to 50 • C, the weight loss ratio and iron leaching rate were increased from 71.41% to 96.20% and from 82.97% to 98.82%, respectively. While the temperature was further raised to 90 • C, the iron leaching rate became almost constant. At acid-leaching temperature of 50 • C, the yield of acid-leaching residue to cyanide tailings was reduced to 1.72%, and the gold grade reached as high as 216.58 g/t (Figure 1) , revealing remarkable gold enrichment and significant weight decrease of acid-leaching residue. As shown in Figure 7 , as the roasting temperature was increased, the fayalite, a low melting point material, had lower fraction in slag phase and disappeared at 1250 °C . At the same time, more wollastonite (α-CaSiO3) in slag phase was transformed to pseudowollastonite (β-CaSiO3) at temperature higher than 1150 °C since the transformation temperature of α-CaSiO3 to β-CaSiO3 was 1126 °C . Compared to fayalite (melting point of 1205 °C ), (pseudo)wollastonite had the higher melting point of 1540 °C [35] . Thus, the amount of liquidus in reduction system would remarkable decrease as more pseudowollastonite was generated at higher reduction temperature, preventing the mechanical mixing of molten gold in slag phase. Thus, more gold can be allocated into iron phase to form Au-Fe alloy. It was well in agreement with higher Au recovery at elevated temperature ( Figure 3 ) and with increased CaO dosage ( Figure 5 ).
Sulfuric acid leaching was used to separate gold and iron in iron powders. The effect of leaching temperature on iron dissolution was shown in Figure 9 . As the temperature was raised from 30 to 50 °C, the weight loss ratio and iron leaching rate were increased from 71.41% to 96.20% and from 82.97% to 98.82%, respectively. While the temperature was further raised to 90 °C , the iron leaching rate became almost constant. At acid-leaching temperature of 50 °C , the yield of acid-leaching residue to cyanide tailings was reduced to 1.72%, and the gold grade reached as high as 216.58 g/t (Figure 1 ), revealing remarkable gold enrichment and significant weight decrease of acid-leaching residue. Figure 10 showed XRD pattern of acid-leaching residue. The diffraction peaks could be assigned to cohenite (Fe3C) and bustamite (CaMn(SiO3)2), generated in the direct reduction roasting. Figure 10 showed XRD pattern of acid-leaching residue. The diffraction peaks could be assigned to cohenite (Fe 3 C) and bustamite (CaMn(SiO 3 ) 2 ), generated in the direct reduction roasting. A broad peak with a 2θ degree of 10-40 • C was observed, indicating the appearance of amorphous materials. However, no diffraction peak of metallic iron was observed, revealing nearly complete dissolution of metallic iron in dilute H 2 SO 4 solution at 50 • C. Therefore, it can reasonably infer that the Au-Fe alloy structure in iron powders must be completely broken, and gold should be fully exposed in acid-leaching residue. In this work, metallic iron in iron powders was found to readily react with dilute H 2 SO 4 to produce FeSO 4 at 50 • C according to Equations (9) (10) (11) . However, sulfuric acid leaching of iron oxides (e.g., hematite) should be conducted at much higher temperature (90-110 • C) and with longer time (2-4 h) [44, 45] A broad peak with a 2θ degree of 10-40 °C was observed, indicating the appearance of amorphous materials. However, no diffraction peak of metallic iron was observed, revealing nearly complete dissolution of metallic iron in dilute H2SO4 solution at 50 °C . Therefore, it can reasonably infer that the Au-Fe alloy structure in iron powders must be completely broken, and gold should be fully exposed in acid-leaching residue. In this work, metallic iron in iron powders was found to readily react with dilute H2SO4 to produce FeSO4 at 50 °C according to Equations (9-11). However, sulfuric acid leaching of iron oxides (e.g., hematite) should be conducted at much higher temperature (90-110°C ) and with longer time (2-4 h) [44, 45] . The ferrous sulfate in leachate was recovered to produce FeSO4·7H2O crystals with a low temperature crystallization process. The yield of FeSO4·7H2O to cyanide tailings was as high as 222.42% as shown in Figure 1 . The chemical composition in Table 2 showed that the content of FeSO4·7H2O reached 96.73% with low content of harmful elements such as Pb and As. The obtained FeSO4·7H2O crystals can be used as raw materials in the production of pigment, water treatment chemicals and feed for animals, etc. 
Recovery of Gold from Acid-Leaching Residue
The enriched gold in acid-leaching residue was finally extracted by the cyanidation extraction. As given in Table 3 , the gold extraction rate was increased at higher cyanide dosage. At the cyanide dosage of 40 kg/t, the extraction rate was increased up to 96.72%, which revealed nearly complete exposure of gold in acid-leaching residue. The gold in pregnant solution was not further recovered at the current stage, and further studies such as adsorption by activated carbon or ion exchange of gold would be taken. As shown in Figure 1 , the gold grade of produced cyanide residue reached 7.10 g/t, which could be recycled into the direct reduction roasting as raw materials. Therefore, there was no toxic secondary cyanide residue produced in this process. The ferrous sulfate in leachate was recovered to produce FeSO 4 ·7H 2 O crystals with a low temperature crystallization process. The yield of FeSO 4 ·7H 2 O to cyanide tailings was as high as 222.42% as shown in Figure 1 . The chemical composition in Table 2 showed that the content of FeSO 4 ·7H 2 O reached 96.73% with low content of harmful elements such as Pb and As. The obtained FeSO 4 ·7H 2 O crystals can be used as raw materials in the production of pigment, water treatment chemicals and feed for animals, etc. 
The enriched gold in acid-leaching residue was finally extracted by the cyanidation extraction. As given in Table 3 , the gold extraction rate was increased at higher cyanide dosage. At the cyanide dosage of 40 kg/t, the extraction rate was increased up to 96.72%, which revealed nearly complete exposure of gold in acid-leaching residue. The gold in pregnant solution was not further recovered at the current stage, and further studies such as adsorption by activated carbon or ion exchange of gold would be taken. As shown in Figure 1 , the gold grade of produced cyanide residue reached 7.10 g/t, which could be recycled into the direct reduction roasting as raw materials. Therefore, there was no toxic secondary cyanide residue produced in this process. In this work, the total gold recovery of whole process, i.e., gold recovery in direct reduction roasting (97.46%) × gold extraction rate (96.72%), was as high as 94.23%, showing high gold recovery of this combined process in treating cyanide tailings. As the gold in acid-leaching residue was fully exposed and had high grade of 216.58 g/t, the cyanide consumption per unit weight of gold was as low as 0.185 kg (NaCN)/g(gold). However, for gold ores (e.g., gold grade of 2 g/t), the cyanide consumption usually reaches 0.5-1 kg (NaCN)/g (gold) for the huge amount of ores although the cyanide dosage (1-2 kg/t) is much lower than that in this work (Table 3 ) [46] . Thus, it was worthwhile noting that the cyanide consumption in this process was much lower than that in gold extraction industries.
Conclusions
In this work, the combined direct reduction roasting and leaching process could effectively recover gold and iron from cyanide tailings discharged after the roasting-cyanidation leaching. The effects of direct reduction parameters on the gold enrichment were studied. Gold containing iron powders, i.e., Fe-rich Au-Fe alloy, were produced by the direct reduction roasting-magnetic separation. Under the optimum conditions-reduction temperature of 1200 • C, reduction time of 90 min, coal dosage of 20 wt.% and CaO dosage of 20 wt.%-the TFe content and recovery of iron powders reached 92.43% and 93.21%, respectively, and the gold grade and recovery reached 8.23 g/t and 97.46%, respectively. The magnetic separation tailings, with a yield of 51.33% to cyanide tailings, had no toxic cyanides any more. The gold and iron in iron powders were further separated by sulfuric acid leaching. The leachate was used to prepared FeSO 4 ·7H 2 O crystals with a yield of 222.42% to cyanide tailings. The acid-leaching residue with the gold grade of 216.58 g/t was subjected to the cyanidation extraction with gold extraction rate of 96.72%. The total gold recovery of whole process was as high as 94.23%. The cyanide residue generated could be recycled into direct reduction roasting as gold containing raw materials.
The increase of reduction temperature, coal dosage and CaO dosage resulted in higher Au recovery in iron powders. The higher dosage of coal and CaO promoted the reduction of fayalite to metallic iron and increased the melting temperature of slag phase, which enhanced more gold allocated in iron phase rather than in slag phase.
As the mineralogical properties of cyanide tailings after the roasting-cyanidation leaching were close to that of pyrite cinders and gold containing iron ores, the novel process investigated could be applied in valuable metal recovery from these tailings and natural ores. However, in this work, the enrichment of silver in cyanide tailings into iron powders had not been studied. In the future work, the enrichment behaviors of silver in the direct reduction should be fully investigated.
Author Contributions: P.F. designed the experiments and prepared the manuscript. Z.L. conducted the XRD and SEM tests. F.J. performed the experiments of direct reduction roasting, magnetic separation and acid leaching. Z.B. conducted the cyanidation extraction and analyzed the element contents of samples.
Funding: This research was funded by the National Natural Science Foundation of China, grant number 51674017.
